During their clinical laboratory evaluation of the Orion SS-20 ionised calcium analyser Ferreira and Bold-noted briefly that the measured ionised calcium concentration of a native serum sample was 8 % greater than that of its ultrafiltrate, and the concentration in the protein-rich retentate was 17% greater. They suggested that the interference might be a general effect of colloids. This observation raises the possibility that the measurement of ionised calcium in patients with abnormal plasma proteins might be clinically misleading. The work described here was undertaken to find out whether the Nova 2 analyser showed an interference similar to that shown by the Orion SS-20, to investigate its nature, and to quantitate its effect on interpretation.
Clinically significant effect of protein concentration on ion-selective electrode measurements of ionised calcium R B PAYNE
From the Department 0/ Chemical Pathology, St. James's University Hospital, Leeds LS9 7TF SUMMARY Others, using an Orion SS-20 ionised calcium analyser, noted that the ionised calcium concentration of a native serum sample was 8 %greater than that of its ultrafiltrate, The experiments described here, using a Nova 2 ionised calcium analyser, confirmed a positive protein interference which was greater for human albumin than for IgG. Uncharged dextran showed no positive interference but dextran sulphate, which is highly charged and binds calcium, showed a large effect. Thus the interference is related to macromolecule charge. Dialysis experiments with normal and pathological human serum samples indicated that the ionised calcium of diffusible plasma water was overestimated by an average of 9·6 %at an albumin concentration of 40 gil and by 4· 8 %at 20 gil.
It is concluded that the measurement of ionised calcium with existing analysers can be clinically misleading in patients with abnormal plasma proteins. Hypocalcaemia is likely to be overdiagnosed and hypercalcaemia underdiagnosed in the presence of hypoalbuminaemia. acceptable pH, was 0-66% at 0-59 mmol/l (Versatol Pediatric), 0·37 % at 1-18 mmol/l (Versatol A), and 0-56% at 2-09 mmol/l (Versatol A Alternate).2
Total protein concentration was measured by a biuret method and albumin by dye-binding using BCG in succinic acid buffer pH 4-2. Within-batch imprecisions were I-I % at 70 gil for total protein and 2-4% at 40 gil for albumin.
Ultrafiltration was carried out in Centrifio ultrafiltration membrane cones (Amicon). They were capped with plastic film to minimise evaporation during centrifugation which was carried out in a temperature-eontrolled centrifuge at 22°. Dialysis was carried out in 8/32 inch Visking dialysis tubing overnight at room temperature against a large excess of stirred buffer containing 150 mmol/I sodium chloride, 3-0 mmol/l Tris/HCl, pH 7-4, and different amounts of 100 mmol/l calcium chloride Ionised calcium concentrations were measured using stock standard solution (Radiometer). a Nova 2 ionised calcium analyser with the new Human serum albumin fraction V ('albumin'), electrode system, which has a replaceable inner human serum gamma globulin fraction II ('IgG'), element. Measurements for each experiment were dextran and dextran sulphate (both the latter of made after a single calibration to avoid changes due average molecular weight 500 000) were purchased to carryover between internal standards.f Within-from Sigma Chemical Co Ltd. The molecular calibration imprecision, which was assessed with weight of human serum albumin was taken to be Versatol control sera (General Diagnostics) because 69000 and the proteins were assumed to occupy they contain no bicarbonate and therefore have an 0-751/kg in solution. A pool of reconstituted Versatol A Alternate control serum was diluted with an equal volume of 150 mmol/l sodium chloride solution and ultrafiltered by centrifugation. Aliquots of the ultrafiltrate and of the supernatant were removed at intervals and analysed for total protein and ionised calcium. The ionised calcium concentration of the ultrafiltrate was constant; that of the supernatant rose in parallel with the protein concentration (r = 0·998). The intercept of the linear regression equation gave an ionised calcium concentration at zero protein concentration of 1·124 mmol/l, which was equal to the mean ionised calcium concentration of the ultrafiltrate (1·125 mmol/l). It was concluded that plasma proteins increased the apparent ionised calcium level measured with the Nova 2. 
COMPARISON OF EFFECTS OF HUMAN ALBUMIN AND IgG
Solutions of albumin and IgG in 3·0 mmol/l Tris/Hel buffer, pH 7·4, containing 150 mmol/l sodium chloride and 2 ·11 rnmol/I calcium chloride, were diluted with the same buffer to give a range of protein concentrations. Measurement of ionised calcium confirmed that albumin bound calcium to a greater extent than IgG ( Fig. 1 ). Aliquots of the solutions were dialysed overnight against buffers containing either 1· 06 or 2 ·11 rnmol/l calcium chloride, The dialysed solutions of albumin and IgG showed a linear increase in measured ionised calcium concentration with increasing protein concentration ( Fig. 1) , and the slopes for albumin were significantly greater than those for IgG both on a weight and on a molar basis (p<O·OOl). The regressions of ionised calcium on albumin after dialysis against 1·06 and 2·11 rnmol/I calcium chloride did not differ significantly. It appears that the interference by protein may be related to its charge. A reciprocal plot of millimoles of calcium bound per gram of albumin in simple solution against measured ionised calcium gave a straight line (r = 0·9996) but the intercept at infinitely high ionised calcium concentration showed that albumin had an apparent maximum binding capacity greater than infinity, additional indirect evidence of a positive protein interference. After adjustment of the ionised calcium values for the calculated protein interference using the dialysis data, the regression remained linear (r = 0·9998) but the intercept then gave an acceptable maximum calcium-binding capacity for albumin of 8·80 mol/mol (Fig. 2 ).
COMPARISON OF EFFECTS OF NEUTRAL AND ANIONIC DEXTRAN
Dialysis experiments similar to those described for albumin and IgG were carried out with the neutral and anionic non-protein colloids dextran and dextran sulphate. A very viscous 0·25 mmol/l solution of dextran dialysed against buffer containing 1·0 rnmol/l calcium chloride showed a small significant decrease in measured ionised calcium of 2·0% (p<0·05).
A ten-fold more dilute 0·025 mmol/l solution of dextran after dialysis had the same measured ionised calcium concentration as the buffer. In contrast, 0·025 mmol/l dextran sulphate, which caused the measured ionised calcium level to fall from 1 ·00 to 0·36 mrnol/l in simple solution, had a measured ionised calcium 0·032 mmol/I greater than that of the buffer after dialysis (p <0·05).
Thus the interference by macromolecule charge is not restricted to proteins.
DEMONSTRATION OF INTERFERENCE IN

SIMPLE SOLUTION
A solution of calcium chloride in buffer was prepared which had a mean ionised calcium concentration of 2 ·171 mmol/l, Human albumin was dissolved in part of it, and sufficient calcium chloride solution was added to achieve a final albumin concentration of 44·0 gil and a mean measured ionised calcium concentration of 2 ·167 mmol/l. The buffer and the albumin solution were mixed in various proportions and the ionised calcium concentrations were measured (Fig. 3) .
If there were no protein interference, the ionised calcium concentrations of the mixtures should lie on a line joining 2 ·171 and 2·167 mmol/l, However, if there were protein interference, the true ionised calcium concentration of the protein-containing solution would have been less than 2·167 mmol/l. On mixing it with, say, an equal volume of the aqueous solution containing 2·171 mmolrl the resultant ionised calcium concentration would be initially at the mean of the two true concentrations. Because the new ionised calcium concentration is higher than the true concentration in the protein solution, there would be increased protein-binding, causing the concentration to fall further. In addition, the protein concentration and therefore the positive protein interference on measured ionised calcium would be halved. Thus the measured ionised calcium would be significantly less than the mean of the measured concentrations in the aqueous and protein-containing solutions. The highly significant fall observed in the mixtures (p<O·ool at 60% albumin solution, 40% buffer) can be explained only if albumin had spuriously elevated the measured ionised calcium.
MAGNITUDE OF INTERFERENCE IN PATIENT'S SERUM
Serum samples from II patients were selected with a wide range of albumin concentrations. They were dialysed overnight against 150 mmol/l sodium chloride and then for 18 hours against buffer containing 1·0 rnrnol/l calcium chloride, There were significant linear regressions of ionised calcium both on total protein (r = 0·725, p<0·02) and on albumin (r = 0·768, p<O·01). Both the x on y and the y on x least-squares regression lines are shown in Is the positive interference reported by Ferreira and Bold 1 with the Orion 88-20 and here with the Nova 2 of clinical significance? The 95% reference range derived from normal subjects with normal plasma proteins for the Nova 2 analyser with the new electrode system is 1·14-1·28 mmol/l (R W Marshall, personal communication; S Butler, personal communication). From the Deming regression equation given above it can be calculated that a normal ionised calcium of 1·14 mmol/l at an albumin concentration of 40 gil would be measured as 1· 09 mmol/l at 20 gil, more than 3·4 standard deviations below the mean; and a 'normal' measured ionised calcium of 1·28 mrnol/l at 20 gil would be 1· 33 mrnol/l at 40 gil, more than 3·4 standard deviations above the mean. We have found that hypoalbuminaemia is common in patients suspected of having disorders of calcium homeostasis,"
A number of observations in the literature may well be explained by decreased protein interference with measured ionised calcium as plasma proteins fall. They include decreased ionised calcium in normal subjects over 80;10 decreasing ionised calcium in the mother during pregnancyj'! and a significant positive correlation between ionised calcium and albumin in normal subjects." The last observation has been confirmed in this laboratory (r = 0·426, p<0·02; S Butler, personal communication). It is clear that the large amount of published data on ionised calcium measured with existing analysers must be re-examined, bearing in mind the effect of protein interference. For example, good correlations were reported by Gardner et alP using the Nova 2 analyser between measured ionised calcium and ionised calcium calculated from total calcium, albumin, and globulin concentrations by the equation of Hodgkinson and Knowles's (r = 0·951) and between ionised calcium and total calcium adjusted for albumin by the algorithm used in Glasgow Royal Infirmary (r = 0,951). The correlations might have been even stronger if the effect of variation in albumin on measured ionised calcium had been taken into account.
Nielsen et a/. 15 briefly investigated protein interference with a new double-membrane ionised calcium-selective electrode manufactured by Radiometer, which was used in a 100 III cell against a saturated calomel reference electrode with an open liquid junction. In an experiment with mixtures of calcium-containing buffers with and without added bovine serum albumin (from which the design of one of the experiments described above was derived), they found a maximum difference in measured potentials corresponding to a difference of less than 0·80 % in ionised calcium concentration, indicating that albumin interference was small. Ionised calcium=(0·002390 x albumin) +0·9941 with ionised calcium in mmol/l and proteins in gil. The intercept value for the albumin equation agrees well with the ionised calcium concentration of the buffer against which the sera were dialysed. The measured ionised calcium concentration of serum with an albumin concentration of 40 gil may be predicted to show an average positive interference of 0·096 mmol/l. It might be argued that the observations made here using dialysis can be attributed to 'Donnan distribution effects' across semi-permeable membranes. However, there is now overwhelming evidence that proteins and othercharged macromolecules in electrolyte solutions are surrounded by bound counter-ions. They behave as neutral protein-water-ion micelles in the difusible water-ion phase and account for the observed differences in total ion concentration across semi-permeable membranes. 5 -7 Part of the supporting evidence is that, as shown here and by others,68 the ionic composition of the ultrafiltrate of a protein solution is constant regardless of the duration of filtration when pH is controlled. Thus an ionised calcium analyser which is effective in measuring the ionised calcium concentration of the diffusible water of plasma should give values identical with those of an ultrafiltrate or dialysate.
The Radiometer lCA 1 ionised calcium analyser based on this electrode is now commercially available. It was evaluated by Fogh-Andersen-" but protein interference was not tested. However, there was a good correlation between measurements in 186 patients' samples with the ICA 1 and the Nova 2, both 'standardised' to pH 7·40, and the reference range for the ICA 1 determined on 64 normal subjects was 1·15-1·31 mrnol/l, of the same order as that for the Nova 2. It therefore seems likely that the ICA 1 also shows positive protein interference. This was confirmed by a preliminary experiment, similar to the ultrafiltration experiment described above, carried out while an ICA 1 was on loan to the MRC Mineral Metabolism Unit at Leeds General Infirmary shortly before it was launched commercially. The measured ionised calcium concentration of the supernatant rose in parallel with the protein concentration (r = 0·994) and the effect was quantitatively similar to that observed with the Nova 2.
The ion-selective electrode of the ICA 1 is covered with a membrane which is impermeable to protein so that a direct effect is unlikely. It seems more probable that the interference is on the residual liquid-junction potential of the reference electrode, possibly due to the dissociation of bound calcium at the junction. On present evidence it appears that clinically significant protein interference may be shown by all three commercially available ionised-calcium analysers.
